I. Introduction
Controlling the wetting properties and film formation are of utmost importance in many fields of technology including coating and printing applications [1] [2] [3] [4] , assembly of colloidal particles [5] , lubrication of surfaces and bearings [6] , oil recovery [7] , flotation to recycle and enrich minerals [8] , and fabrication of self-cleaning or water repellent surfaces [9] [10] [11] [12] [13] [14] [15] [16] . These processes are dynamic -and often greatly influenced by menisci, i.e. a curved liquid interface that forms when a liquid meets a solid or another, immiscible liquid [17] . Liquid films also are important in many biological systems. Instructive examples are a human eye [18, 19] where the tear film on cornea is stabilized by menisci at the eye lids or Nepenthes pitcher plants [20] where the prey capture mechanism is based on aquaplaning of insects at the slippery peristome.
Dynamic wetting of one liquid over a solid supported thin film of another, immiscible liquid is still hardly explored [21] . This lack of knowledge is due to missing experimental techniques which are able to discriminate between different liquids or provide the required time and spatial resolution. Wetting over liquid films has become increasingly important due to the innovation of lubricant-infused slippery surfaces [22] [23] [24] [25] [26] [27] [28] [29] -a new class of functional materials inspired by the pitcher plant [22, 29] . Liquid drops slide on a solid supported lubricant film at very low tilt angles, typically even below 3° [23, 28] . Schellenberger et al. [25] showed that in equilibrium, the meniscus around a drop on a lubricant-infused surface can reach the length of ~3 mm. So far, flow dynamics within menisci and the film region ahead of moving drops remain unknown.
Here, we investigate water front advancing over a thin, pre-existing film of silicone oil on a smooth glass surface. At the liquid contact line the oil is elevated to a meniscus ( Fig. 1 and Fig. S1a ). The meniscus is pushed forward by the advancing water front. We apply laser scanning confocal microscopy to image the shape of all liquid interfaces. Surprisingly, the meniscus is not monotonous but shows wave-like profile with local minima and maxima. We quantify the spatial and temporal variation of the Laplace pressure in the oil. We quantify the local pressure gradient driven backflows in the meniscus and the film by adding 1 µm diameter polystyrene tracer particles to the oil. This capillary-suction-induced flow in the meniscus is universal and can last even for days. Due to the design of our setup, the shape of the meniscus is not disturbed by gravity. This allows us to investigate low capillary numbers.
We analyze the shape of the liquid interface using the lubrication approximation, balancing viscous and capillary forces. The theory cannot predict the film profile for = ⁄ < 6×10 -4 , as no single wavelength can be defined. Here, is the viscosity of the oil, the velocity of the meniscus, and the oil-air surface tension.
II. Results
We first observe a situation where a 0.5 µL water drop is placed on a smooth glass substrate coated with a film ℎ 0 ≈ 10 µm of silicone oil (polydimethylsiloxane, PDMS, = 50 mPa s, = 21 mN/m), Fig. 1a ,b. The silicone oil forms a wetting ridge, i.e. a concave curved annular meniscus, around the drop. Adjacent to the meniscus the film is depleted and a local minimum film thickness ℎ ≈ 1 µm forms before the film reaches its initial thickness ℎ 0 ≈ 10 µm far away from the meniscus.
The depletion zone forms because negative Laplace pressure in the meniscus initiates a pressure-gradient-driven capillary suction of oil from the flat film region. Due to the concave curvature of the oil surface, the pressure inside the meniscus is lower than in the flat film Material). This equals to the hydrostatic pressure in water at a depth of ~8 mm.
In order to visualize the flow in the meniscus, we added polystyrene tracer particles to the silicone oil (Video S1). The capillary flow follows the oil-air interface. Here, viscous drag is negligible and the capillary flow strongest. Liquid flows up the meniscus until it turns downwards to compensate the meniscus growth at the perimeter (Fig. 1b, Fig. S2 , Video S2, Video S3).
To demonstrate that capillary suction is a generic phenomenon we placed a piece of glass ( To quantify dynamic wetting phenomena ahead of a moving water front we used a rectangular flow cell having a glass bottom surface and plastic side and top walls ( From now on, we call the local minimum ℎ and the maximum ℎ ahead of the meniscus ( Fig. 5a ) a "primary minimum" and a "primary maximum", respectively, since there exist another, less prominent "secondary minimum" and "secondary maximum" advancing in the front (Fig. 5a , inset). The lower curvature of the liquid interface causes lower pressure drop and capillary suction: ∆ over the primary and secondary minima ≈ -132 Pa and ≈ -36 Pa, respectively ( Fig. 3) . The lateral distance between the secondary minimum and maximum, i.e.
the width of half-wavelength W, appears to be similar to that of the primary minimum and maximum ≈ 400 µm. However, the amplitude A, i.e. the height difference between the minimum and the maximum is much smaller, ~1 µm.
To distinguish the effect of viscous forces, , with respect to capillary forces, , on the film profile, we measured the half-wavelength and amplitude between the primary minimum and maximum at varying (3.9×10 -6 ≤ ≤ 6.9×10 -4 , Fig. 5a -c) and initial film thickness ℎ 0 .
Both W and A increase linearly with ℎ 0 (Fig. 5d ,e). When increasing the velocity of the meniscus from ~15 µm/s to ~290 µm/s both W and A decrease (Fig. S8 ). The reason is that ℎ has no time to evolve when the water front moves fast. Particularly, at < 10 -4 , where the capillary forces become increasingly important with respect to the viscous stresses, there is a threshold where both W and A start to increase greatly with decreasing ( Fig. 5f,g ).
We compared the dynamic menisci ahead of moving water front ( Derjaguin [32] . The flow in the film region is determined by the interplay of viscous forces and capillarity, and is described within the lubrication approximation [3, [31] [32] [33] [34] [35] [36] assuming small curvature of the liquid-air interface and ≪ 1. Dynamic menisci were further investigated in a capillary tube by Bretherton [37] .
reverse dip-coating, a balance of the viscous and capillary forces within the fluid layer yield the thin-film equation for the scaled film thickness = ℎ/ℎ 0 :
Here, is a characteristic scale = / , with = ℎ 0 ( − 3 )
1/3
. The sign for the velocity of the meniscus is taken negative corresponding to a "reverse dip-coating scenario". Strictly the only formal requirement for validity of the above lubrication approximation is ≪ 1. For small variations in the film thickness ( ( ) = 1+ ( ) with ( ) ≪ 1), equation (1) has the 0 th order solution
with a constant to be determined. In this classic case, the film profile exhibits regular waves of constant half-wavelength = 2 /√3.
Our measurements show that only the case with the largest capillary number = 6.9×10 The model within the Landau-Levich-Bretherton framework predicts a constant spacing between the minima and maxima for all . Notably, a decreasing/increasing spacing occurs with decreasing capillary number. Experimentally, for = 3.6×10 -5 ( Fig. 5a ) the spacing between the primary minimum and maximum was about 40% less than spacing between the maximum and the secondary minimum. When the velocity of the meniscus is reduced to zero ( = 0), the characteristic half-wavelength W/ℎ 0 should go → ∞, in agreement with our data, Fig. 5f . Our setup rules out that gravitational drainage could cause the discrepancy between theoretical predictions and experimental observations [35] as the flow cell was horizontally aligned.
To find the reason for the discrepancy between theory and experiments for < 6×10 -4 we measured local flow in the oil film by imaging movement of the tracer particles (Figs. 6a, 7 , S10). In front of the minima in film thickness (Fig. 6b for the primary minimum and Fig. 6c for the secondary minimum) the tracer particles have a positive velocity with respect to the flow direction of the meniscus. Notably, when the minima are approaching the particles, the flow slows down before the particles experience a negative velocity when sucked through the minima. The maximum horizontal backflow velocities of the tracer particles were −73 µm/s (Fig. 6b , Video S6) and −2 µm/s (Fig. 6c , Video S7) at the primary and the secondary We identified 7 positions at different heights in the oil film, labelled 1-7 in Fig. 6a , where the flow direction switched. These "turning points" are associated with the two backflows. Before changing the flow direction, the oil has lower positive velocity close to the solid (no-slip condition at the solid-liquid interface) as compared to the liquid-air interface (negligible friction). Therefore, the backflows start earlier and are longer at the heights of 3.5 and 5 µm as compared to the height at 10 µm (Fig. 6a, Fig. 7 and Supplemental Material, Table SI ).
After entering the meniscus, the flow turns back to positive and starts to follow the motion of the meniscus. This hints that the strong backflows within the liquid film cause the discrepancy between theory and experiments. The capillary suction discussed here was observed for different thicknesses of the film ( Fig.   S4 ) and viscosities of the liquid (Fig. S5) . It is expected to have broad implications in technology. One example is the common problem of inhomogeneous formation of coating films -also known as the "orange peel effect" -in painting, lacquering, and other thin-film coating applications [38] . Small microscale defects can cause considerably large variation in film thickness even at mm-wide areas (Fig. S3) . The capillary suction and film depletion should also be apparent in a standard dip-coating process (Fig. S1b) .
Getting back to the pitcher plant and lubricant-infused slippery surfaces; when a 0.5 µL water
drop surrounded by open air slides on a thin silicone oil film (η = 50 mPa s, ℎ 0 ≈ 8 µm) on a PDMS modified glass slide [24] (Experimental Section) -consistent with the observations in the flow cell -a minimum and a maximum in film thickness are formed ahead of the annular wetting ridge surrounding the drop. Inclination of the substrate by 4° caused a downward motion of the drop at a velocity of ~70 µm/s. Here, the minimum and maximum in film thickness became ~3 µm and ~10 µm, respectively (Video S8).
III. Conclusions
In summary, we investigate the wetting dynamics of one liquid ( 
IV. Experimental Section
Materials: Silicone oils were purchased from Sigma-Aldrich ( Water drop sliding on a slippery surface: To investigate a meniscus around a sliding water drop on a silicone oil coated slippery surface, the glass substrate was treated following a simple procedure that results in a nm-thick hydrophobic PDMS brush coating [24] . Briefly, the glass was first cleaned with ethanol and water and dried under nitrogen flow. 5 µL of silicone oil η = 50 mPa s was deposited on the glass after which the sample was heated on a hot plate at 300°C for ~3 min. After the heat treatment, the sample was rinsed with tetrahydrofuran and water. 1 µL drop of silicone oil = 50 mPa s was spin-coated on the surface at 1000 rpm for 60 s to achieve a smooth film of the oil with thickness of 8 µm. The sample was placed on the confocal microscope sample holder at a tilt angle of 4°. A 0.5 µL water drop was then placed on the inclined surface where it was imaged when sliding downwards.
Data analysis: Profile of the oil menisci and films were investigated by capturing the film profiles at xh-plane (side-view) at the center line of the flow cell and by monitoring dynamics of the polystyrene tracer particles within the oil at xy-plane (top-view) at different heights in the film by confocal microscopy. Image processing and data analysis was carried out using Fiji open-source platform for image analysis [39] . The curved oil film profiles were analyzed from sequentially recorded confocal microscopy images with a house-made Fiji macro, which was designed to distinguish the oil-air interface from changes in pixel intensity of the microscopy images.
From the quantitative data extracted from the confocal microscopy videos, the half- Curvature of the oil films was analyzed from the micrographs using ThreePointCircularROIFiji plugin [40] to evaluate the Laplace pressure difference over the curved oil interface at different positions. Hydrodynamics within the oil were investigated by analyzing the horizontal (x-directional) velocity of the tracer particles using Mosaic Particle Tracker 2D/3D -Fiji plugin [41] . In the fluorescent channel of the confocal microscope, the particles remained visible ca. ±1 µm with respect to the set focal plane, i.e. 10 ± 1 µm, 5 ± 1 µm, and 3.5 ± 1 µm (Fig. 6a) . In the transmission channel the horizontal velocity of the tracer particles could be monitored independently on the changes in the height position of the particles. With the information received from the transmission channel, we could determine whether the particles moved upwards or downwards with respect to the set focal xy-plane. When the particle was above the focal plane, i.e. moved upwards, it became blurry with a bright center.
When the particle was below the focal plane, i.e. moved downwards in the liquid film, it became blurry with a dark center (Fig. S10 ).
position were calculated knowing the elapsed time, the distance covered by the backflow, and the velocity of the advancing meniscus (Table SI) :
where is the time at which the meniscus passed the backflow start position, is the time at which the backflow started, and is the velocity of the oil meniscus.
The position where the backflow ends in relation to the position of the oil meniscus is given
where is the duration and is the distance covered by the backflow.
To further verify the positions of the backflows with respect to the oil film curvature, we compared the reflection channel microscopy information from the oil−air interface, where the changes in the height of the film were detected, with the transmission channel information, where dynamics of the tracer particles were detected. 
